Abstract This article presents the results of theoretical and experimental studies of the influence of plasma waves on the photoacoustic signals of Si samples. The aim of these investigations was to find and examine the sensitive measurement configurations and the configurations of the sample in the photoacoustic cell for detection and measurement of the lifetime of excess carriers. Two measurement configurations were examined: transmission and phase lag and two configurations of the sample in the photoacoustic cell. This article demonstrates that both configurations for samples with differently prepared surfaces are effective for observation and detection of plasma waves with the photoacoustic method.
the 1980s [1, 2] . The influence of the plasma wave effect on the photoacoustic signal was also investigated by Dramicanin et al. [3] and applied for Ge samples. This effect was also described by Todorovic and Nikolic [4] for Ge crystals. The plasma wave effect observed for CdTe/glass system was reported by Bernal-Alvarado et al. [5] . The influence of the plasma wave effect on a photoacoustic signal of a polycrystal CdTe/glass system was also investigated by Martin et al. [6] .
The plasma wave effect for CdInGaS 4 crystal samples was described by Shen and Toyoda [7] . Thermal and electronic transport properties obtained by the PA method for Yba 2 Cu 3 O 7−x and InBi crystals were described in [8] and [9] , respectively. Results of the investigations of ion-modified Si by the PA method were also presented in [10] [11] [12] . Thin layers of CdTe on a glass substrate were investigated by Bernal-Alvarado and Vargas-Luna [13] . A contribution of carrier transport processes to the photoacoustic effect in doped narrow gap semiconductors PbTe, PbSe, and SnTe was described by Radulovic et al. [14] . The theoretical model that was used for computations of the PA characteristics in this article is called a compact model and was described previously [15] . The influence of plasma waves on the PA microphone and piezoelectric spectra of semiconductors was investigated theoretically and described in [16] .
For plasma wave-involved PA experiments, different approaches, i.e., experimental configurations and samples were applied and described in the literature. For samples with equally prepared surfaces (e.g., polished), the difference of the PA phase frequency characteristics, or the ratio of the amplitudes, obtained for different thickness of the samples, were described in the literature [3, 4] . The most frequently used configuration for the measurement of the plasma wave contribution to the PA signal was the transmission configuration and the measurements of the phase frequency characteristics.
Experimental Procedure
For investigations of the influence of the plasma wave effect on the PA signal presented in this article, the transmission and the phase-lag measurement configurations were chosen. The Si wafers had two differently prepared sides: the polished side and the roughened side. The polished side was optically of a mirror type while the roughened side was matt. For the purpose of determination of the lifetime of excess carriers in silicon samples, PA signals were measured for two configurations of the samples in the photoacoustic cell. In the first configuration, the polished side of the sample was illuminated while in the second configuration the roughened side was illuminated. The microphone detection of the photoacoustic signal was applied with a phase selective measurement with the lock-in amplifier SR830. For generation of the PA signal, the intensity-modulated beam of the 532 nm laser of the 50 mW optical power was applied. Measurements were performed in the range of frequencies of modulation from f = 30 Hz to f = 1 000 Hz. The electret microphone with a low noise preamplifier was used for detection of the PA signal. The diameter of the applied laser beam was smaller than 0.5 mm. A schematic diagram of the experimental setup used in the measurements is presented in Fig. 1 . Fig. 2 . In the transmission configuration, the sample was always illuminated from the left and it was illuminated first on the polished side and then turned over to illuminate the matt side. The PA signal was measured by the microphone. The difference of the phase frequency characteristics measured in these two transmission configurations of the sample in the PA cell was analyzed. In the phase-lag configuration, the sample was illuminated from the left and next from the right side and the PA signal was measured and the difference of the phase frequency characteristics was analyzed. For determination of the thermal diffusivity, the roughened side of the sample was illuminated from the left and from the right and again the difference of the phase frequency characteristics was analyzed.
Theoretical Considerations
The idea of the approach presented in this article is the following. In the measurements, the transmission and phase-lag configurations were applied as the sensitivity of these configurations for the plasma waves contribution to the PA signal was expected to be high. Model simulations performed, in a plasma wave model, for different sample configurations in the PA cell and with differently prepared surfaces of a sample, indicated that both approaches analyzed in the article are comparatively sensitive for detection of plasma waves.
The transmission configuration means that one side of the sample is illuminated but the temperature of the other side of the sample is measured by the microphone as the periodical overpressure in the photoacoustic cell. The reflection configuration means that one side of the sample is illuminated and the temperature of the same side of the sample is measured by the microphone as the periodical overpressure in the photoacoustic cell. The value of the lifetime of excess carriers was extracted from the difference of the phase frequency characteristics of the PA signals measured in two configurations of the sample in the PA cell, i.e., when a polished or the roughened side of the sample was illuminated.
The temperature spatial distribution in the sample, arising as a result of its illumination by the intensity-modulated beam of light, is in general a function of several physical parameters and is described below.
As some variables are constant (i.e., d, R, α, E, E g , β), they will not be included in further considerations.
where T (x, f ) is the spatial temperature distribution being the result of the intraband thermalization of carriers,
is the spatial temperature distribution being the result of the volume nonradiative recombination of carriers, and
is the spatial temperature distribution being the result of the surface recombination of carriers.
The above spatial temperature distributions can be computed according to the following formulae:
where x is the spatial coordinate along the thickness of the sample normal to the surface, z is the integration variable, f is the frequency of modulation of the intensity of the beam of light, d is the thickness of the sample, R is the thermal reflection coefficient between the sample and the backing, α is the thermal diffusivity of the sample, E is the energy of photons of the illuminating light, E g is the energy gap value of a semiconductor, D is the diffusion coefficient of carriers, β is the optical absorption coefficient of the semiconductor for the illuminating beam of light, τ is the lifetime of excess carriers, V 1 , V 2 are velocities of surface recombination of carriers on both sides of the sample: illuminated and dark side, respectively, δn (x) is the spatial distribution of the concentration of excess carriers, I 0 is the intensity of light, and κ is the thermal conductivity.
The difference of the phase frequency characteristics investigated in this work in the transmission configuration can be expressed as
The difference of the phase frequency characteristics investigated in this work in the phase-lag configuration can be expressed as
The example theoretical phase difference characteristics in the transmission configuration showing dependencies of the PA phase differences on the lifetime of carriers obtained for different frequencies of modulation, thickness of the sample d = 0.058 cm, D = 15 cm 2 · s −1 , V 1 = 1 500 cm · s −1 , and V 2 = 100 cm · s −1 are presented in Fig. 3 . In Figs. 4 , 5, and 6, the dotted lines are the phase characteristics of the intra-band thermalization component only. As seen from the figures, in this second case the phase of the PA signal is practically close to the phase of the intra-band component only. In the experiment, the difference of these two characteristics (solid and dashed lines) was investigated. The lifetime of the carriers was extracted from the fitting of theoretical curves to experimental phase difference frequency characteristics.
It results from the figures above that when the lifetime of carriers is small, i.e., smaller than a few microseconds, then the phase difference of the PA signals, at least in the frequency range up to 1 000 Hz, disappears. For longer lifetimes, the difference between the phase frequency characteristics (solid and dashed lines) appears. A longer lifetime results in a larger difference between the actual phase and the phase of the intraband thermalization component.
The differences visible in Figs. 4 and 5 between solid and dashed lines, when illuminating the polished or roughened surface, are the result of competition of two processes, i.e., diffusion of carriers and surface recombination. 
In conclusion, the difference between the phase characteristics (solid and dashed lines) gives information about the lifetime of the carriers.
Experimental Results
The measured PA phase difference characteristics in the transmission configuration with the two configurations of the sample in the PA cell are presented in Fig. 7 . Lifetimes of carriers were determined assuming the diffusion coefficient of carriers of p-type silicon D = 15 cm 2 · s −1 . The diffusion length of carriers can be determined as L = (Dτ ) 1/2 . The theoretical curves in Fig. 7 are differences of the phase characteristics (solid and dashed lines) presented in Figs. 4, 5, and 6, but computed for appropriate lifetimes of excess carriers as a result of the fitting procedure.
The experimental and theoretical characteristics obtained for the same samples but in the phase-lag measurement configuration are presented in Fig. 8 .
The extracted values, from the multi-fitting procedure, of investigated samples have been presented in Table 1 .
The PA characteristics are very complicated for interpretation as they are multiparameter functions when some of the parameters are unknown. To check the correctness of conclusions drawn from the PA experiments, the photocurrent (PC) experiment was performed.
Lifetimes of excess carriers of the same samples were determined from the modified Stevenson's photocurrent method when the lifetime can be determined from the dependence of the phase of the photocurrent versus the frequency of modulation of the illuminating beam of light and when the polished side of the sample is illuminated. The experimental and theoretical PC characteristics are presented in Fig. 9 . The phase of the photocurrent is the function of the lifetime as φ = arctan(−ωτ ). From the comparison of the results of lifetimes determined by the two methods, PA and PC, one can draw a conclusion that the values are similar. The differences are the result of the simplicity of the RC model applied for the interpretation of the PC characteristics which is correct only for the samples exhibiting a perfect quality of the illuminated side of the sample, i.e., V 1 , V 2 → 0. The lifetimes extracted from the PA characteristics depend, on the other hand, on the velocity of recombination of carriers, especially on the roughened side of the sample. depending on the configuration of the sample in the PA cell, the state of its surface, and the measurement configuration applied. It turned out that there are two sensitive PA measurement configurations for observation of the plasma wave contributions and the configuration of the sample in the PA cell when the polished side of the sample is illuminated and the roughened side is in the PA cell and when the roughened side is illuminated and the polished side is in the PA cell. The lifetime of carriers can be determined from the difference of the two PA phase transmission characteristics. The same results of the lifetimes were obtained in the phase-lag method when the polished side was illuminated in the transmission configuration and the roughened side was illuminated in the reflection configuration. The phase difference in both methods is a measure of the capability of evaluation of the lifetime of the excess carriers. In this sense, we can say that the phase-lag method is more sensitive than the phase difference in a transmission configuration, as it gives a bigger phase difference for the same set of material parameters and the same frequency of modulation. In general, this article shows how the optically generated excess carriers diffusing from the surface of the sample, where they are generated, to the volume of the sample and the opposite side of the sample, where they relax irradiatively, influence and modify the frequency phase photoacoustic characteristics measured in the experiment in the two presented configurations. This influence is caused by the fact that the place of generation and the place of irradiative relaxation of excess carriers are different. These places of relaxation can be modified by appropriate surface preparation modifying the velocities of the surface recombination of carriers. Without the diffusion process of optically generated carriers, the phase difference characteristics, analyzed in this article, would not have been observed. Samples with differently prepared surfaces, i.e., polished or roughened and exhibiting a short lifetime of carriers did not show the phase differences in the analyzed configurations. The results of the PA experiments presented in this article were confirmed by the measurements of the kinetics of the photocurrent giving similar values, in a reasonable agreement, of the lifetimes of excess carriers. The inaccuracies of lifetimes determined from the PA experiments are the result of the fact that the PA signal is a function of several parameters and some of them are not known exactly.
